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SUMMARY 
Impact of 10 to 30 KeV H + or H e + ions on polycrystalline metal 
surfaces causes some projectiles to be backscattered in a neutral, excited 
state. These projectiles subsequently radiatively decay, emitting Doppler-
broadened spectral lines; the broadening is characteristic of the distri­
bution in speeds and direction of the scattered excited projectiles. 
Analysis of the line shape shows that slow reflected particles have a high 
probability of losing the excited electron by a radiationless transition 
while they are close to the surface. The spectral line shape has been 
predicted using an established backscattering theory with the inclusion 
of a radiationless de-excitation term. By suitable choice of the radia­
tionless de-excitation coefficient, the prediction may be fitted to the 
experimental data; thus the radiationless de-excitation coefficient may 
be determined. 
In addition, quantitative measurements of total spectral intensity 
indicate that less than 1% of all projectiles are backscattered in an ex­
cited state. The relative variation of total spectral line intensity with 
angle of projectile incidence and with projectile primary energy has been 
predicted using a model which assumes that the probability for excited-
state formation is independent of the energy and direction of the scattered 
projectile; the variation in total spectral line intensity with target 
atomic number is also predicted by this model. In each case, comparison 
is made with experimental measurements. 
ix 
A brief study is made of sputtering and excitation of Al under He 
impact; the measured intensities of observed spectral lines are presented 
+ 
as a function of He incident energy. 
Finally, negative results are obtained in a search for the existence 
of bound electron states in the wake of swift protons in aluminum and 
copper. 
1 
CHAPTER I 
INTRODUCTION 
Purpose of the Research 
+ + 
When 10-30 keV H and He ions are incident on polycrystalline metal 
surfaces, radiation in the visible and near-ultraviolet regions can be de­
tected by optical methods. It is now well established that this radiation 
is emitted by three sources: (1) excited, neutralized, backscattered pri­
mary ions; (2) excited, sputtered target atoms or molecules; and (3) the 
solid itself. A major objective of this work has been the analysis of 
radiation emitted by the first source. Using information gained in this 
way, we have examined and predicted some of the physical interactions of 
the incident ions with the metal, ultimately determining the fraction of 
the incident ion flux which, after collision, is detectable through radia­
tive decay. We have also made a limited investigation of photon emission 
from the second source and have searched for a proposed radiative phenom­
enon whose origin lies within proton-bombarded metal foils. 
A description of the physical interactions of incident ions (par­
ticularly protons) with metal surfaces is of importance in understanding 
the behavior of a plasma within a thermonuclear reactor. Ions near the 
wall are lost mainly by charge exchange with the relatively large number 
of neutrals at the plasma surface; the neutralized ions then escape the 
magnetic field to impact on the wall. It is important to understand the 
ultimate fate of these impinging particles. Those which recoil in excited 
2 
states are relatively easily re-ionized and therefore re-populate the 
plasma. Thus the object of our research is of particular importance to 
an understanding of processes occurring within a thermonuclear reactor. 
Our investigation of the photon emission of excited, neutralized, 
backscattered primary ions began as an extension and refinement of the 
work of Kerkdijk and Thomas."'" They showed that when keV H e + ions are in­
cident on a metal surface, some of the projectiles are scattered as neutral, 
excited atoms. These atoms subsequently decay by photon emission. The 
resulting spectral line is Doppler-broadened, and the line shape is directly 
related to the distribution of speeds and distributions in angle of the 
scattered projectiles. Kerkdijk and Thomas developed a theoretical model 
for predicting these line shapes based on a number of simplifying assump­
tions. It was basically assumed that excited atoms were formed only from 
projectiles that were scattered by a single encounter with an atom in the 
surface of the target; this may be termed a "surface-scattering model." 
On this basis, the speed of a backscattered particle is dependent only on 
the angle through which it is scattered and the masses of the projectile 
and target atoms; hence the Doppler shift associated with a particular 
backscattered trajectory may be calculated. The angular distribution of 
the scattered atoms was assumed to be proportional to the Rutherford cross-
section appropriate to the two isolated nuclei; hence relative probabil­
ities of particular trajectories are known and the contribution to light 
intensity at the relevant Doppler shift may be evaluated. The line shapes 
calculated on this basis were in general qualitative agreement with the 
experimental data, but there were substantial quantitative discrepancies. 
3 
Our initial objective then was to test further the model of Kerkdijk and 
Thomas''' with the hope of resolving the discrepancies between predicted 
and measured line shapes. 
projectile penetration into the target. McCracken and Freeman have shown, 
both theoretically and experimentally, that most projectiles penetrate 
some distance before undergoing the large-angle scattering event which re­
turns them to the surface. As the projectile proceeds to and returns from 
the scattering site, it suffers energy loss by collision with electrons 
(electronic stopping), but no appreciable deviation. As a result, the 
backscattered flux exhibits a distribution of energies with a peak flux 
at low energies. The work of Kerkdijk and Thomas''' shows quite definitely 
that the backscattered excited-atom flux includes only small amounts of 
slow particles, so that one may conclude that slow excited atoms are de-
excited while still close to the surface. 
and by Varnerin. In Figure 1 we illustrate the process known as resonance 
ionization. The excited atomic electron lies energetically above the con­
duction band of the metal and is therefore able, by tunneling, to occupy 
a state above the Fermi level. The condition on the energy parameters of 
the process is given by 
A serious fault in the surface-scattering theory is the neglect of 
2 
Two such de-excitation mechanisms have been discussed by Hagstrum" 
4 
(1) 
where and E^ are the ionization energy and the excitation energy, re­
spectively, of the atom, and 0 is the work function of the metal. Two 
4 
Figure 1. Resonance Ionization 
5 
further perturbations to the interaction are (1) the shift in atomic energy 
levels in the presence of the metal and (2) the image force between the ion 
and the metal surface. This process occurs for an atom-metal separation 
3 
distance "s" of a few Angstroms; e.g., for a metastable He(2 S) atom at 
an Mo surface 2A < s < 7A. (The reverse process, resonance neutralization, 
occurs when an electron from an occupied state in the conduction band of 
the metal tunnels through the potential barrier to occupy an excited level 
of an ion near the metal surface, producing an excited, neutral atom. We 
make a brief reference to this later.) The other radiationless process, 
Auger de-excitation, is shown in Figure 2. Here a metal electron from 
within the conduction band falls into the ground state of the atom, re­
leasing enough energy to eject the excited atomic electron to a continuum 
state. In this case the energy condition is given by 
Ex > <jf> (2) 
i.e., the excitation energy of the atom must exceed the energy required 
to remove an electron from the top of the conduction band. This inter­
action will not be perturbed by the image force, since the atom is elec­
trically neutral both before and after the transition. The shift in atomic 
energy levels in the presence of the metal is, however, expected to be a 
perturbation, especially since this process occurs for a smaller atom-
metal separation than that of resonance ionization; e.g., for a metastable 
3 
He(2 S) atom at an Mo surface s < 1A. 
3 
Hagstrum has shown that for small s the transition rate for either 
6 
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Figure 2. Auger De-excitation 
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mechanism can be approximated by 
r(s)= A exp(-as) ( 3 ) 
where A and a are constants related to the wavefunctions of the participat­
ing electrons and the form of the potential barrier. Thus, in this approx­
imate form, we see that "A" is a measure of the maximum value of the trans-
3 
ition rate, considering both kinds of transitions. Hagstrum also shows 
that the parameter "a" is inversely proportional to the atom-metal separa­
tion for which the total probability of transition is a maximum. Further­
more, the probability that a receding particle having a velocity component 
Vj^ normal to the surface of the metal will escape without radiationless 
de-excitation is^ 
Clearly the effect of these radiationless transitions is to remove the slow 
excited atoms. In fact, the ratio A/a may be thought of as a critical 
normal velocity component; backscattered atoms whose energies and directions 
are such that = A/a will have a probability of only 377c to escape with­
out radiationless transition. Those whose normal velocity component is 
less than A/a will have a correspondingly lower probability of escape. We 
shall show that the Doppler-broadened line shape can be predicted by com­
bining the scattered-particle velocity distribution of McCracken and 
2 
Freeman with the radiationless de-excitation factor described above; by 
suitable fitting of theory to experiment the ratio of parameters A/a in 
8 
Equation 4 may be derived. This ratio will henceforth be referred to as 
the "survival coefficient." Thus another objective of this work has been 
to determine the survival coefficient A/a for excited H and He atoms back-
+ + 
scattered from a variety of metal surfaces (under H and He impact, re­
spectively) . 
With these coefficients it is now possible to calculate how the 
total intensity of a line should vary with impact energy and with angle 
of incidence. One simply uses the derived coefficient A/a and integrates 
the predicted intensity distribution (line shape) over all wavelengths 
within the line; this is repeated for various angles of incidence and 
energies of impact. To provide an experimental quantity for comparison, 
we have measured the total intensity of a spectral line for various angles 
of incidence and energies of impact; to assign an absolute magnitude to 
these quantities, we have performed a calibration of our detection system. 
Using these absolute measurements of photon emission, we are thus able to 
establish the probability that an incident ion will be reflected as a neu­
tral excited atom. We are further able to make some approximate conclu­
sions regarding the probability of neutralization of an incident ion into 
a particular excited state. 
In the case of backscattered, excited atoms, therefore, we have 
investigated both theoretically and experimentally the dependence of photon 
emission on angle of incidence and on impact energy for a given incident-
ion/ target-atom combination. We have studied one other functional de­
pendence for photon emission from this source. For a given incident ion 
species, impact energy, angle of incidence, and spectral line, we have 
9 
measured photon emission as a function of target material. Our prediction 
2 
for this dependence comes from the work of McCracken and Freeman : a 
factor involving the atomic numbers of the incident and target species 
(which is omitted in our relative prediction of line shape) has been used 
as our model. 
We have detected photon emission from excited, sputtered target 
+ 
atoms in the case of He incidence on Al (the heavier projectile species 
and the lightest target species) and have measured the photon emission for 
two of the observable spectral lines as a function of impact energy. We 
do not present a theoretical model for this dependence, but do determine 
the rate of formation per incident ion for the excited state involved 
Finally we shall present the results of our search for the existence 
of bound electron states in the wake of swift protons in Al and Cu, as pro-
posed theoretically by Neelavathi, Ritchie, and Brandt. 
Review of the Literature 
Among the first to observe photon emission during ion impact on 
metals were Chaudhri et al.,^ who used 200-2500 eV H e + ions on a sheet of 
Ni; they detected radiation characteristic of the decay of excited He 
g 
atoms. Sterk et al. made quantitative measurements of Lyman alpha emis­
sion induced by keV protons incident on Al; they found that the number of 
-3 
Lyman alpha photons emitted per incident proton was of the order of 10 
9 + + 
Gritsyna et al. studied the emission induced by 20 keV H and H^ impact 
on surfaces of Cu and Ta; they observed the first three lines of the Balmer 
series of hydrogen; broadening of these lines was ascribed to Doppler 
shifts of emission from the scattered projectiles. In addition, Gritsyna 
10 
et a l . ^ detected atomic and molecular He emissions induced by 20 keV 
+ 11 
He ions on metal surfaces; they, however, determined that the emissions 
were principally due to the interaction of the primary beam with a carbon 
film deposited on the metal surfaces; thus the observations tell us nothing 
+ 
about the interaction of He with a pure metal surface. There is also a 
12 
study by McCracken and Erents of the Lyman alpha line induced by keV 
proton impact on Mo; shifts of emission to shorter wavelengths and to 
longer wavelengths are ascribed to Doppler shifts on direct and reflected 
photons, respectively. One of the most recent studies of radiation emitted 
by backscattered particles has been the work of Kerkdijk and Thomas.''" For 
the case of 2-10 keV proton impact on Cu, they observe the first three 
lines of the Balmer series; for 2-10 keV H e + impact on Cu, they observe 
the following lines of Hel: 3889 A(3 3P -> 2 3 S ) , 5876 A(3 3D -> 2 3 P ) , 4472 A 
3 3 3 3 (4 D -> 2 P ) , and 4026 A(5 D -> 2 P) . They also found that use of neutralizec 
ions for the incident species produced essentially the same spectral char­
acteristics in both cases. We have already mentioned their prediction of 
line shape (for He lines); they also predict the emission intensity per 
incident ion for three of the observed He lines as a function of angle of 
incidence, with comparison to experimental findings. Experimental mea­
surements are also presented of emission intensity per incident ion for 
each of the observed He and H lines as a function of impact energy; no 
attempt is made to predict this dependence theoretically. 
Sputtering and excitation of Cu atoms by 80 keV A r + impact on a Cu 
surface have been studied by van der Weg and Bierman,^ who found evidence 
of radiationless transition of the excited Cu atoms. They derived the 
probability given in our Equation 4 from the transition rate in our 
11 
Equation 3, and determined a value of A/a of 2 X 10 cm /sec by fitting 
their theory to an observed Cu line shape. For lower-energy projectiles 
+ 13 
(10-3000 eV Ar ) on a Cu surface, White and Tolk also observed radiation 
characteristic of excited, sputtered Cu atoms. The emission per incident 
ion was analyzed as a function of impact energy, and this dependence was 
predicted by assuming the possibility of radiationless de-excitation. A 
fitting of the prediction to the experimental data yielded a value of A/a 
of 2 X 10^ cm /sec , in agreement with van der Weg and Bierman."* Tolk et 
14 
al. suggested that backscattered particles are also subject to radiation-
less transition as they recede from a metal surface; the probability of 
such a transition was seen to be dependent on the band structure of the 
solid, being much more likely for metals than for insulators; they also 
observed broad band continuum radiation arising from the bombarded metal 
itself. Broad band radiation has also been observed by Kerkdijk and 
Thomas''" in the region 3000-4000 A for H + and H e + incidence on Cu; they 
have examined the intensity of this phenomenon as a function of projectile 
incidence angle and as a function of projectile impact energy. A recent 
+ + 
explanation of broad band phenomena in H and He bombarded Al, Cu, and 
Mo, which employs an electron-hole recombination model, has been given by 
Zivitz and Thomas."*"^ 
Concerning the energy distribution of the backscattered particles, 
2 
we have already mentioned the work of McCracken and Freeman. They pre­
sented theoretical (single-collision) and experimental determinations of 
the energy distributions of protons and deuterons backscattered from Ti 
and Nb. Very good agreement was obtained for Ti, while slightly inferior 
agreement in the case of Nb suggested the possibility of multiple 
12 
scattering. Their energy distribution is somewhat supported by the work 
16 
of Meischner and Verbeek, who found that the flux, of backscattered hydro­
gen atoms and ions is a decreasing function of their recoil energy, with 
a high-energy cut-off at the primary impact energy. Unlike McCracken and 
Freeman, they show a pronounced maximum in the distribution around 1 keV 
with a sharp drop-off for lower energies. An entirely different energy 
distribution for backscattered ions (experimental) and ions-plus-atoms 
(theoretical) has been presented by Firsov et a l . , ^ who show a maximum 
backscattered flux near the primary impact energy for 30 keV H e + impact 
on Cu, Al, and Ge; their model assumes multiple scattering of the incident 
18 
projectiles by the target atoms. Erickson and Smith have shown that the 
backscattered H e + ion yield has an oscillatory dependence on primary ion 
energy, for 200-2000 eV H e + impact on Pb, Ge, and Bi; the explanation for 
this behavior lies in repeated resonant electron transitions between the 
ions and the solid. 
The theoretical determinations of survival coefficient A/a are 
3 
primarily found in the publication of Hagstrum, who interprets the work 
19 20 
of Shekhter and of Cobas and Lamb. Shekhter is concerned with the 
neutralization of positive ions at a metal surface and performs a calcula­
tion of resonance neutralization for protons at an Mo surface. Hagstrum 
interprets this to get a value of A/a = 1.8 X 10"^ cm /sec for resonance 
processes in general (both neutralization and ionization). Cobas and Lamb 
perform calculations for both resonance neutralization of H e + at an Mo 
3 
surface and Auger de-excitation of He(2 S) at an Mo surface, employing 
+ 
hydrogenic wavefunctions for the He ion and He atom. According to Hag­
strum, this yields A/a = 4.8 x 10"^ cm /sec for resonance processes and 
13 
g 
A/a = 1.3 x 10 cm /sec for Auger de-excitation. Using a somewhat 
21 
different approach, Gersten and Tzoar have suggested that when the 
energy of an allowed atomic transition is slightly greater than the surface 
plasmon energy of a metal, de-excitation of an atom at the metal surface 
may result in a surface plasmon emission, rather than the creation of a 
photon. For the case of a Lyman beta transition in an H atom at an Al 
surface, they calculate for this process an A/a of 6.12 x 10^ cm /sec 
Since this type of de-excitation may be in competition with the previously 
discussed radiationless processes, the value of A/a determined by experi­
ment may differ considerably from this depending on the relative strengths 
of the various de-excitation processes. For the case of heavier incident 
22 + + 
projectiles, Janev et al. performed calculations for Li , Li, and Na 
impact on Mo and W; for resonance processes they derive values of A/a 
11 13 
from 3.2 x 10 cm /sec to 1.5 x 10 cm /sec. 
Of all the literature, perhaps the most immediately relevant to 
the present work is the material presented in the doctoral dissertations 
23 24 
of Smits and Kerkdijk. They predict the shape of the Doppler-broadened 
Balmer beta line emitted by backscattered, excited H atoms, but nowhere 
made a direct comparison with experiment. They do make a comparison be­
tween theory and experiment for the dependence of this spectral line on 
impact energy and angle of incidence; however the quantities which are 
compared are the positions of the maximum intensity and the relative mag­
nitudes of the maximum intensity. It would seem that the integrated in­
tensity which we use would be less subject to statistical error. By fit­
ting these theoretical quantities to their data they also determine a 
g 
value for the survival coefficient, A/a = 1.5 X 10 cm /sec , for 10-40 
14 
keV protons incident on Cu. One simplifying approximation which they make 
is the neglect of photons reflected by the target to the observer. This 
reflected light we have found to be of considerable importance in obtain­
ing agreement between our theoretical line shape prediction and the ob­
served form of the spectral lines. 
15 
CHAPTER II 
EXPERIMENTAL ARRANGEMENT 
Preface 
Most of the experimental work was done using H + and H e + ions of 
10-30 keV energies; the apparatus used for this work will be described at 
length in the following sub-headings. In addition, a small amount of time 
was spent using a Van de Graaf accelerator and its supporting equipment; 
this will be treated briefly in the final sub-heading. 
Introduc tion 
The experimental arrangement for the 10-30 keV apparatus is shown 
schematically in Figure 3. The H + or H e + ions obtained from an rf dis­
charge source were mass-analyzed, collimated, and directed onto the target 
surface at some incidence angle 0 with respect to the target surface norma 
A grating monochromator viewed the surface through a sapphire window; the 
monochromator axis was perpendicular to the projectile beam direction and 
lay in the same plane as the projectile beam and the target surface normal 
The monochromator was fitted with a photomultiplier detector operated in 
the counting mode; the spectral line shape was recorded by scanning the 
monochroma tor. 
Ion Source and Accelerator 
Ionized hydrogen or helium was supplied by an Ortec Model 320 radio-
frequency ion source consisting of a Pyrex bottle with gas inlet, aluminum 
I O N S O U R C E 
. . M O O F A R A D A Y 
M A S S r y p 
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gure 3. Schematic Diagram of the Apparatus 
17 
tip, and sapphire sleeve, a radio-frequency oscillator, and a magnet pro­
viding an axial field. An extraction voltage of 0-5 keV across the bottle 
provided the initial acceleration, while additional acceleration to pro­
vide total energies of 10-30 keV was supplied by a Sorensen 5030-4 power 
supply. The source and its power supplies were maintained at high poten­
tials, requiring insulation from the rest of the apparatus. Also the 
source was shielded to prevent radio-frequency pick-up in the recording 
elec tronics. 
Immediately upon leaving the source bottle, the ions were focused 
+ + + 
by an Einzel lens. Separation of H ions from other ions (H^ and H^) was 
made by magnetic deflection; likewise He ions were isolated from gaseous 
impurities. Current to the magnet was supplied by a Hewlett-Packard 6296A 
+ + o 
regulated current supply. The H or He beam was deflected 30 from its 
initial direction into a beam pipe of approximately 2 meters length, which 
contained a second Einzel lens and two pairs of deflection plates. 
The source region was pumped by a Consolidated Electrodynamics 
Corporation oil vapor diffusion pump and maintained at a pressure of ap-
- 6 
proximately 10 Torr. The beam pipe was pumped by two cold-trapped Ed­
wards oil vapor diffusion pumps (Model E02) and maintained at a pressure 
of approximately 10 ^ Torr. 
Target Chamber and Sample Holder 
The ion beam traveled from the beam pipe into the target chamber, 
-9 
which was maintained at a base pressure of 10 Torr by an Ultek Model 
10-402 Boostivac ion pump. The targets were mounted on a standard Varian 
manipulator (Model 981-0523) which permitted rotation of the target to 
18 
obtain the desired angle of incidence 0 between the beam direction and 
surface normal. The manipulator also allowed both vertical and horizontal 
translation of the target which permitted alignment of the system, with 
the axis of rotation intersecting the optical and projectile beam axes. 
Optics and Electronics 
The emitted photons were transmitted by the Varian UV grade single-
crystal sapphire window and received by the monochromator, a Jarrel-Ash 
Model 84-110. The monochromator was fitted with a photomultiplier detector 
(EMI 9558) operated in the counting mode. (For examination of spectra 
in the region below 3000 A, a photomultiplier EMI 6256 was temporarily 
inserted.) The optical signal was transmitted by the electronics (see 
Figure 4) and recorded by a Teletype or a pen-recorder. Also the beam 
current was monitored on a Faraday cup, which could be inserted to the 
beam line periodically; this signal was monitored on an electrometer 
(Keithley Model 415), converted to a digital signal by a voltage-to-
frequency converter, then scaled and periodically recorded on the Teletype. 
Operating Procedure 
The targets were polycrystalline metals of high purity (99.97%). 
Before use, the samples were mechanically polished or electropolished, 
and cleaned with solvents (see Appendix ) . For the case of polycrystal-
line Mo under proton impact, we found that the method of polishing used 
made negligible difference in the observed line shape. The samples were 
mounted in the target chamber on a standard Varian manipulator. By ad­
justing the position of the target holder as described above, it was 
possible to fix accurately the position of the beam on a particular target; 
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the position was first approximately located by visual inspection, then 
the beam current was maximized on that particular target to achieve exact 
positioning of the target. 
Projectile beam currents were monitored on a Faraday cup that could 
be inserted to the beam line periodically. The current measured on the 
target itself was used to monitor beam stability during optical measure­
ments; this target current was not considered to be a reliable measure of 
the projectile flux because it was impossible to guarantee complete sup­
pression of all secondary ejected particles. Currents were typically 1-10 
2 
|j,A in a beam of about 1 mm. cross-sectional area. 
The projectile beam flux was sufficient to sputter off a few mono­
layers of target material every minute. It is felt that a preliminary 
bombardment of the surface with the ion beam itself is sufficient to guar­
antee target cleanliness. It was found that the optical signals showed 
some variation with time for a few minutes after the beam was directed at 
a new target; beyond that point the signals remained stable for many hours. 
Data taken during the first few minutes of bombardment were discarded. 
In certain instances the target surfaces were initially bombarded with A r + 
ions to clean them further by sputtering; the signals observed thereafter 
+ + 
under H or He bombardment showed no significant difference from the case 
of un-sputtered targets. 
Complete spectra (3000-7000 A ) for various ion-metal combinations 
were recorded by a pen-recorder; the beam current, as measured on the 
Faraday cup, was recorded both before and after each spectrum with the 
stability of the beam current during the run monitored on the target. 
21 
When a single emission line was studied, the Ortec scalers were used in 
a two-phase cycle. For the first phase, the beam current was incident on 
the Faraday cup; the current was monitored on an electrometer and digitized 
for recording on a scaler. This was continued for a certain time interval 
(40-80 sec.) and the count was then printed out by the Teletype; also dur­
ing this phase the background signal of the photomultiplier was measured 
and printed out. During the second phase (of equal duration), the Faraday 
cup was removed so that the beam could strike the target; the emitted pho­
tons were detected by the photomultiplier and counted on a scaler; finally, 
after the preset time interval, the count was printed out. Thus a ratio 
of emission to incident ion flux could be determined. Several (four to 
eight) such cycles were completed at each wavelength of interest, and the 
ratios were averaged to reduce statistical error. 
Calibration 
In order to determine the intensities of the spectral lines in 
photons per incident ion, it was necessary to calibrate the detection 
system. A lamp (EPS-1047) calibrated by the Eppley Laboratories according 
25 
to the method of the National Bureau of Standards was used as the primary 
standard for the visible spectrum. A Phillips tungsten-filament lamp 
(E-256) was used as the secondary standard because of its more convenient 
size. In order to extend the calibration to include ultraviolet wave-
26 27 
lengths (3000-4000 A ) , the branching ratio method was employed. ' Ni­
trogen gas was introduced into the target chamber and excited by a 25 keV 
beam of H or He ions. Observations were made of the relative signals 
from the second positive system of N 9 and the first negative system of N 0. 
22 
Theoretical predictions of the relative intensities in these two spectral 
28 29 
systems were obtained from the work of Thomas et al. and Burns et al. 
Hence the relative sensitivity was established and could be normalized to 
the absolute sensitivity measured at visible wavelengths using the standard 
lamp. 
Apparatus for 1.0 MeV Range 
This experimental arrangement is quite similar to that discussed 
4-
above. The H ions obtained from a Van de Graaf accelerator were mass 
analyzed, collimated, and directed onto the target at some incidence angle 
0 with respect to the target-surface normal. A grating monochromator 
viewed the surfaces (front and back) through a quartz window; the mono-
chromator axis was perpendicular to the projectile beam direction and lay 
in the same plane as the projectile beam and the target surface normal. 
The monochromator was fitted with a photomultiplier detector operated in 
the counting mode; the ultraviolet and visible spectrum was recorded by 
scanning the monochromator. 
The targets were thin foils t< 1 ^) of Al and Cu. The Al foils 
were supplied by A. D. Mackay, Inc.; the Cu foils were made by a thin-film 
deposition process in the Engineering Experiment Station. The samples 
(enclosed and supported by thin plates of Cu) were mounted in the vacuum 
system on a standard Varian manipulator. It was possible to rotate the 
sample to change the angle of beam incidence 0, and also translate the 
sample to insure that the axis of rotation intersected the optical and 
projectile beam axes. By proper choice of the angle of incidence, the 
target could be oriented so that the monochromator viewed either the 
23 
frontside of the target or the backside of the target. The vacuum 
environment of the target was maintained by cold-trapped oil diffusion 
— 6 
pumps at a base pressure of 10 Torr. 
Projectile beam currents were monitored on a Faraday cup which was 
located beyond the target; thus the target had to be raised vertically out 
of the path of the beam in order to measure the beam flux. During bom­
bardment of the foils, the stability of the beam was monitored by observ­
ing the transmitted, undeflected fraction which was incident on the Farada 
— 7 - 6 
cup. Total currents were typically 10 to 10 amperes, and the amount 
of transmitted, undeflected beam was one to two orders of magnitude lower. 
The electronics for transmission and recording of the data were identical 
to those illustrated in Figure 4, except that a pen-recorder was used ex­
clusively for the recording of data (i.e., the scalers and Teletype were 
not used). 
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CHAPTER III 
EXPERIMENTAL OBSERVATIONS 
General Spectral Characteristics 
For each ion-metal combination used, we first ran a complete record­
ing of the spectrum to determine what types of emission were present. For 
20-30 keV He incident on Cu, Nb, Mo, Ag, and W, there were emissions of 
the following He I lines: 5876 A (3 3D -> 2 3 P ) , 4472 A (4 3D -> 2 3 P ) , 3889 A 
3 3 1 1 + (3 P -» 2 S ) , and 6678 A (3 D -> 2 P) . In the case of He on W, there were 
also He I emissions at 4026 A (5 D -> 2 P ) , 4713 A (4 S -» 2 P ) , and 4922 A 
1 1 
(4 D h> 2 P ) ; the intensities of these latter emissions were smaller by a 
factor of four than the former. Also apparent in these spectra were vari­
ous broad band phenomena whose origin we did not pursue. In Figure 5 we 
show a sample strip-chart recording of the spectrum observed for the case 
of He ions incident on Cu. The wavelength labeling is according to the 
o 
monochromator scale, whose offset varies from +16.6 A at the low wave-
o 
length end to + 1 7 . 5 A at the high wavelength end. The principal.broad 
o 
band in this case is centered about 3250 A . 
For 20-30 keV H + on these metals, there were emissions of the 
following H lines: H 6563 A (n = 3 to n = 2 ) , L 4861 A (n = 4 to n = 2), 
a p 
o + 
and H 4340 A (n = 5 to n = 2). As in the case of He incidence, we ob-
Y 
served various broad band emissions. (These broad band emissions are 
described briefly in the paper"^ by Zivitz and Thomas.) In Figure 5, we 
also show a sample strip-chart recording of the spectrum observed for the 
Figure 5. Strip-Chart Recordings of the Observed Spectra. 
(Upper: 25 KeV H e + incident on Cu at an angle 
of 60°. Lower: 25 KeV H + incident on Cu at an 
angle of 60°.) 
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case of protons incident on Cu. The principal broad bands in this case 
are centered about 3250 A and 4200 A. 
+ + 
For both He and H incidence on Al we observed a very intense 
broad band extending from 2500 A to 6000 A with a maximum at 5200 A which 
obliterates the usual lines from scattered projectiles except for He 
5876 A and H 6563 A, respectively. (This broad band is dealt with in 
a 
detail in the paper"*""* by Zivitz and Thomas.) For the case of the Al tar­
get bombarded by He"*", we observe emissions of Al 1 lines including all 
o o 
components of the multiplets at 3089 A and 3956 A . For these lines we 
observe no broadening or wavelength shifts that can be attributed to the 
Doppler effect. It is therefore concluded that the sputtered, excited Al 
atoms are ejected with rather low velocities. Tests were made to ascer­
tain whether any of the emissions exhibit polarization; this was performed 
simply by monitoring the light signal as a polaroid analyzer was rotated 
in front of the monochromator. No evidence of polarization was found. 
Broadening of Spectral Lines 
Detailed study of the He I lines and H lines indicates that they 
are of the order of 50 A and 100 A in breadth, respectively, with a sharp 
peak on the blue side. In Figure 6 we show a number of measurements on 
3 3 
the 5876 A (3 D -> 2 P) line. It is observed that, as incidence angle in­
creases, the line width broadens and total intensity increases. There is 
an obvious sharp peak on the low-wavelength (blue-shifted) side of the 
line. The broadening of the spectral lines may easily be shown to be a 
consequence of the Doppler effect on emissions from the fast scattered 
atoms. Consider the case of an excited, backscattered 30 keV He atom 
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which emits a 5876 A photon as it decays from the state 3 D to the state 
3 
2 P. If the trajectory of the atom is toward the observer (monochromator), 
o 
the non-relativistic Doppler formula predicts a shift of - 24 A from the 
o 
nominal wavelength (5876 A ) ; if the trajectory is along the surface of the 
target away from the observer (and assuming an incidence angle of 60°), 
the shift predicted is + 12 A . In addition, the atom may emit a photon 
180° away from the observer which is then reflected by the metal surface; 
because this trajectory is opposite to the path which produces a blue 
shift, a contribution to the red-shifted side of the line is provided by 
these reflected photons. In Figure 6, curve (a), we see that essentially 
all of the Doppler-broadened 5876 A line is included between the calculated 
o o 
shifts of - 24 A and + 12 A . For the case of an excited, backscattered 
30 keV H atom which emits a 6563 A (Balmer alpha) photon as it decays from 
the state n = 3 to the state n = 2, the Doppler shifts associated with the 
o o 
two trajectories described above are - 52 A and + 26 A , respectively. For 
a given recoil energy, an H atom will have twice the velocity of an He 
atom; thus the Doppler shift of the photon emission from an H atom will 
be approximately twice that for an He atomic emission, for the two transi­
tions considered here. It should also be expected that as the initial 
projectile energy decreases, the spectral line width decreases, contracting 
about the unshifted nominal wavelength for the transition. It will be re-
12 
called that McCracken and Erents explained the broadening of Lyman alpha 
radiation induced by keV photon impact on Mo as due to Doppler shifts on 
the direct and reflected photon emission. 
Thus in principle the Doppler-broadened line shape contains informa­
tion on the distributions in energy and angle of the scattered projectiles. 
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In Chapter IV we will discuss how the line shape can be analyzed to provide 
this information and will present sample He and H line shapes, both exper­
imental and predicted. 
Total Intensity of the Line Emission 
A major objective of this work was to establish an absolute measure­
ment of the total light intensity emitted in a transition; clearly this can 
be related to the probability that an incident ion will recoil in a specific 
excited state. A convenient representation, suggested by Kerkdijk and 
Thomas,"'" is to define a coefficient Yj^  f ° r emission of photons in a trans­
ition from state j to state k; this coefficient is simply the total number 
of photons emitted into all directions per incident projectile. A second 
valuable factor"'" is the coefficient Y- for formation of a specific excited 
J 
state j; this can be defined as the number of backscattered atoms in the 
state j per incident projectile. In a special case where an excited state 
j cannot be populated by cascade from higher levels i and where the trans­
ition j h> k is the only decay path, then Y- will equal y I n general 
J J k 
this is not true; the state j is populated by cascade from higher levels 
i and is depopulated by more than one radiative decay path; consequently 
Y. and y-i, a r e n o t equal. The general relationship between the emission 
and excitation coefficients is given by 
^ 1 Kci • 
Z A;K. 
J 
where only allowed transitions are considered and A., represents the 
30 
transition probability for the transition j -> k as tabulated. 30 In words, 
the emission coefficient for the transition j -» k equals the product of 
(1) the sum of the excitation coefficient to the state j and the cascade 
into j from all higher states i and (2) the ratio of the transition prob­
ability for j -> k to the sum of all probabilities for transition out of j. 
This may be rewritten as 
These relationships between excitation and emission coefficients are anal­
ogous to the relationship between excitation and emission cross sections 
11 - • j • 31 
in atomic collisions studies. 
The emission coefficient, Y-u> n a s been measured in this experiment. 
The line shape of a transition is scanned and integrated; the calibrated 
sensitivity of the detection system permits this to be converted to an 
absolute photon flux. We make the assumption that the emission is iso­
tropic. It is known that photon emission from decay of np and nd states 
may exhibit polarization if populations of the different magnetic quantum 
number substates are not equal. Furthermore, if emission is polarized, 
then it will exhibit an anisotropic spatial distribution. Such aniso­
tropics are well known in studies of excited state formation as projectiles 
traverse gas targets under single-collision conditions; the projectile is 
(6) 
or, equivalently, 
(7) 
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essentially undeviated by the collision and the direction of projectile 
motion defines a quantization axis. We must inquire whether a similar 
situation might occur for atomic scattering from a solid. We would first 
note that the average recoil velocity of an excited atom is of the order 
8 -8 
10 cm /sec and its lifetime is of the order 10 sec ; the distance at 
which radiative decay occurs is some millimeters from the surface; this 
is far enough from the target to preclude any interaction between the 
photon emission and the metal surface. Thus any anisotropy or polariza­
tion must be related to the process of excited atom formation and not to 
the radiative decay. Since projectiles are scattered into 2rr steradians, 
there is no obvious direction of quantization associated with the problem. 
Moreover, if there were some preferential axis for quantization, then one 
would expect the emission to be polarized; no polarization is observed. 
We therefore feel that the assumption of isotropic emission is justified. 
Thus under this assumption we arrive at the total emission rate by multi­
plying the photon flux into the monochromator by 4tt/Au>; here Aoo is the 
solid angle subtended at the target by the monochromator entrance slit. 
Taking this photon emission rate and dividing by projectile ion flux we 
obtain a value for v., . 
For a given transition, a ratio between emission coefficients de­
termined for various angles and energies of impact is reliable within 
± 107o; the principal source of possible error is the statistical variation 
of signals. In comparing emission coefficients for two different transi­
tions there is an additional source of possible error in the relative 
calibration of detection sensitivity at different wavelengths. The factors 
which influence the reliability of the relative calibration are (1) the 
32 
determination of the intensity of the secondary standard at various wave­
lengths, whose percent uncertainty is ± 157,; (2) the transmission-versus-
wavelength of the neutral density filter (used to limit the light intensity 
incident on the monochromator), whose percent uncertainty is ± 67.; and 
(3) the statistical variation of the signals recorded in the calibration, 
± 67. Finally, in addition to these factors, the absolute calibration is 
affected by the reproducibility of various geometrical parameters, ± 87,. 
(The operating conditions for which the primary standard lamp was cali­
brated were established by setting the lamp current rather than tempera­
ture; with the lamp operating at the specified current, the manufacturers 
assigned a reliability of ± 1/47, to the values of spectral radiance-versus-
wavelength supplied with the lamp.) Thus the uncertainty in a particular 
absolute emission coefficient is the sum of the above uncertainties, plus 
a ± 37. uncertainty in the calibration of the electrometer, or 487.. 
In Tables 1 through 3 we display some of these measured emission 
coefficients for the case of backscattered particles. They may be shown 
as a function of incidence angle on a particular target for a fixed pro­
jectile energy (Table 1); as a function of impact energy for a fixed in­
cidence angle and specific ion-target combination (Table 2); or as a func­
tion of the target atomic number for a fixed projectile energy and inci­
dence angle (Table 3 ) . 
For comparison purposes we show in Table 4 the emission coefficients 
+ + 
for certain transitions induced by 25 keV H and He on Mo at an angle of 
60 degrees to the surface normal. In a few cases we have estimated the 
3 
excitation coefficient v.- The excitation coefficient for the 3 P state 
J 
3 3 
was estimated by allowing for cascade from higher n S and n D levels 
33 
Table 1. Emission Coefficient of the Hydrogen n = 3 to n = 2 Transition 
Shown as a Function of Angle of Incidence for 25 KeV Protons 
Incident on Niobium 
Angle of Incidence Emission Coefficient Yj 
(degrees) (photons/proton) 
0 4. .62 X ID' 5 
15 4. .78 X H f 5 
30 6, .85 X ID' 5 
45 9. .80 X i c f 5 
60 13, .9 X H f 5 
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Table 4. Measured Emission Coefficients and Estimated 
Excitation Coefficients. (Data for H + and He 
ions at 25 keV incident on a Mo target at 
angle of 60° to the surface normal.) 
Projectile States Y^ 
i j (Photons/ion) (Excited 
atoms/ion) 
H + n = 3 n = 2 1.62 X 10~ 4 
H + n = 4 n = 2 1.89 x 10" 5 
H + n = 5 n = 2 4.92 X 10~ 6 
H e + 3 3D 2 3P 8.34 X 10' 5 8.17 X 10" 5 
H e + 4 3 D 2 3P 9.04 x 10" 6 1.15 X 10" 5 
H e + 3 3P 2 3S 9.38 X 10' 6 6.10 x 10" 6 
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3 3 3 3 (about 427,) and branching of the decay between 3 P -> 2 S and 3 P -> 3 S 
transitions; transition probabilities were obtained from the work of Wiese 
30 3 
et al. For estimates of Yj for the 4 D state, we had no way of assess-
3 3 
ing cascade and, for the 3 D, could estimate cascade only from the 4 P 
level (about 27,); consequently the values of Yj a r e n o t really cdrrected 
for cascade and include only corrections for branching in the decay trans­
ition. For the hydrogen emissions we did not attempt to estimate y ; the 
measured Balmer emission is a sum of three transitions from the almost-
degenerate ns, np, nd states to the lower 2s and 2p levels; there is no 
way of estimating the relative importance of the separate transitions. 
3 3 
Concerning the He states 4 D and 3 D for which we could not make 
accurate determinations of total cascade, we have made some estimates 
based on certain assumptions. By assuming the He (n = 5) states to be 
roughly equally populated, we estimate that approximately 107, of the quoted 
3 3 
value for Y ^ 3 q (i Q Table 4) is due to cascade from 5 P and 5 F. Under 
this same assumption we estimate that approximately 27, of the quoted value 
3 3 
for Y ^ 3 q i-s due t o cascade from 5 P and 5 F; by assuming that the He 
(n = 4) levels are roughly equally populated, we estimate that approximately 
3 
187 of the quoted value for Y^j) i-s due to cascade from 4 F. 
We have likewise made some estimates of cascade for the hydrogen 
states. By assuming all magnetic quantum number substates for a given 
principal quantum number to be equally populated, by using the transition 
30 
probabilities of Wiese et al., and by considering the experimental emis­
sion coefficients for Balmer alpha (n = 3 to n = 2), beta (n = 4 to n = 2), 
and gamma (n = 5 to n = 2) (given in Table 4 ) , we make the following con­
jectures: (1) cascade from n = 4 to n = 3 is possibly 137. of the quoted 
38 
value for v ^ ^ • „>; (2) cascade from n = 5 to n = 3 is possibly 3% Tn — 3 to n = 2' s 
of the quoted value for Y o and (3) cascade from n = 5 to M
 n = 3 to n - 2 x 
n = 4 is possibly 287, of the quoted value for v , ^ 
v J n
 'n = 4 to n = 2 
In the only state for which we have accurately determined cascade 
3 
(He 3 P) we see that the process of cascade does not dominate direct ex­
citation. Furthermore, from all available evidence, we find that cascade 
has the same functional dependence on energy as the levels which it pop­
ulates. Thus the functional dependence on energy of emission coefficients 
is not greatly influenced by cascade, and emission coefficients may be as­
sumed proportional to excitation coefficients. This assumption is used 
in Chapter V, where the experimental emission coefficients presented in 
this chapter are compared with our prediction of excitation coefficients. 
There are no published data with which these absolute emission co­
efficients may be compared. We will show graphically in Chapter V the 
10-30 keV energy dependence of the emission coefficient for the He I trans 
ition 3^D -> 2^P induced by He^ incidence on Cu at an angle of 45°; we will 
also present some earlier, relative data of Kerkdijk and Thomas"'" for the 
energy range 3.5 - 10 keV, which we normalize to our absolute measure­
ments at 10 keV; the smoothness with which the two sets of data join to­
gether lends support to our measurements. We would also note the work of 
g 
Sterk et al. which measured absolutely the emission coefficient for the 
Lyman alpha transition induced by proton impact on Al. The coefficient 
-3 
was found to be of the order 10 photons per proton and was a decreasing 
function of impact energy in the region 10-30 keV. 
From Tables 1-4 we make the observation that only a small fraction 
of the projectiles produce photon emission. Most excited atoms do in fact 
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decay by non-radiative mechanisms so that the emission coefficient repre­
sents only a small proportion of the atoms which were originally excited. 
It is of interest to estimate what fraction of the backscattered atoms 
were excited at the point of emergence from the surface; this can only be 
calculated very roughly. Let us take as an example the case of 25 keV H + 
incident on molybdenum at 60° to the surface normal. Summing the emission 
function of the first three Balmer lines (Table 4) we find the total emis-
-4 
sion of photons to be 1.9 X 10 per incident ion. Using our prediction 
of total line intensity (as will be explained in the next chapter), we 
estimate that only 21% of all excited atoms in the n = 3, 4, and 5 levels 
do in fact radiate and the remaining 79% decay by non-radiative mechanisms 
thus the total flux of excited atoms formed in these states is about 
-4 
8.9 x 10 per incident ion. Now, it is clear that this figure does not 
represent all excited atoms since we do not detect formation of the n = 2 
g 
levels. The work of Sterk et al. suggests that formation of n = 2 levels 
occurs with about the same likelihood as formation of all the higher ex­
cited levels combined. Thus the formation of excited recoil atoms occurs 
3 
for only a few projectiles in every 10 that are incident on the surface. 
The conclusion that is to be drawn from these very rough estimates is 
that less than 1% of all incident projectiles recoil as excited atoms. 
Inevitably this means that most backscattered projectiles in this case are 
either ground state neutrals or ions. A similar conclusion can be drawn 
from analysis of the case of H e + impact. 
Emission from Sputtered Atoms 
For the case of H e + impact on Al (the lightest element which we 
40 
have used as a target), we observe spectral lines characteristic of excited, 
sputtered Al. These lines do not appear to be Doppler-broadened, indicat­
ing rather slow-moving atoms. We have investigated the energy dependence 
of the emission coefficients for two of these lines, and find them to be 
a decreasing function of primary energy (Figure 7). We have also observed 
Al lines in the case of H impact, but only for large angles of incidence 
(75 degrees). The two lines considered in Figure 7 are the only decay 
2 
paths of the 4 S level; adding the two coefficients and subtracting cascade 
2 
population will give the excitation coefficient of the 4 S level. Cascade 
from n = 5 levels contributes about 227, of the excited state population; 
cascade from higher levels is negligible. This gives an estimate for the 
2 -4 
4 S level excitation coefficient of 1.43 X 10 excited Al atoms per inci­
dent ion; this is for 25 keV H e + ion impact at an angle of 45°. The two 
lines observed, 3944 A (4 2S 3 2P°, J = \ -» J = k) and 3962 A (4 2S -> 3 2P°, 
2 
J — h -» J ~ 1%), account for all radiative transitions out of the 4 S 
30 
level. According to published transition probabilities, the fraction 
of all transitions represented by the former line is 337., and by the latter 
677>. Using our experimental intensities we find them to be 357> and 657., 
respectively. 
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Figure 7. Energy Dependence of Emission from Aluminum. 
(Emission coefficient of lines from excited 
sputtered Al as a function of primary energy 
of H e + ions (incident at 45°). Squares, ex­
perimental data points for Al-3962 A (4*S -> 3 P°, 
J = \ -> J = 3/2). Circles, experimental data 
points for Al-3944 A (4 ZS -» 3 2P° J = k J = h). 
The dashed line is drawn to indicate the general 
trend of the data. 
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CHAPTER IV 
ANALYSIS OF LINE SHAPE 
Introduction 
In order to predict the shape of the observed Doppler-broadened 
spectral lines from backscattered particles, and to improve upon the 
surface-scattering model of Kerkdijk and Thomas^; we used the theory 
2 
of McCracken and Freeman together with the radiationless de-excitation 
probability given in Equation 4. We present first a descriptive outline 
of the prediction, to be followed in the next two sub-headings by a de­
tailed mathematical presentation. 
2 
The theory of McCracken and Freeman predicts the flux and velocity 
distribution of all projectiles emerging from the surface into a particu­
lar direction; it assumes that the projectile penetrates into the target, 
losing energy by electronic stopping and suffering no appreciable devia­
tion; at some point it suffers a large-angle deflection by collision 
with a single target nucleus and is able to return to the surface. This 
large-angle scattering event is assumed to be governed by a Rutherford 
scattering expression appropriate to the interaction of the target and 
projectile nuclei. Based on this picture one may formulate an expression 
for the probability, dq, that a projectile will emerge with a given 
energy and direction. 
Without any information on the proportion of the scattered projec­
tiles which might be neutralized into a specific excited state, we make 
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the assumption that this proportion, F, is independent of the emergent 
particles' energy and direction. As we shall see, some of our work tends 
to support this assumption. The final factor we must account for is the 
probability that an excited particle will escape from the influence of 
the surface without undergoing radiationless de-excitation. This is 
given by Equation 4, p (VjJ) . The excited particles that escape will 
eventually decay radiatively and a certain fraction, F', dependent only 
on apparatus geometry, will be detected. 
Thus, by taking the product of these various quantities (dq, F, 
P (Vj,) , and F ' ) , we have the probability of detecting a photon from an 
emergent particle of given energy and direction. The wavelength of the 
photon can be simply calculated by the Doppler-shift formula; the non-
relativistic form is adequate at the energies used here. This method 
permits a calculation of the relative line shape if the ratio A/a is 
known (i.e. in p ( V j l)). Since in practice this survival coefficient is 
unknown, we perform the line shape calculation (by numerical integration) 
for various trial values, and a best fit to experimental data is achieved; 
from this we establish a "measured" value of A/a. 
In addition to the photons which are received directly by the ob­
server, it is possible for an excited atom to emit a photon towards the 
metal target which then reflects to the observer. Although values of 
reflectance for polished surfaces are given in standard tables, visual 
observation shows that the metal surface becomes pitted by the ion bom­
bardment, thus altering the reflectance of the surface. To accommodate 
this we regard the reflectance as unknown and vary this also to give a 
best fit to the experimental data. Because the reflected emission has a 
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trajectory which is opposite to that of the blue-shifted direct emission, 
reflected photons contribute significantly only to the red-shifted compo­
nent of the line, whereas the derived value of the survival coefficient 
A/a is related to the position of the intensity maximum in the blue shift. 
We also take into account the influence of monochromator resolution 
generally this was kept at 8 i for He line shapes and at 16 A for H line 
shapes. Because, at any given energy, the velocity and Doppler shift of 
an H atom is twice that of an He atom (in the same trajectory) our doublinj 
of the monochromator resolution for the study of H line shapes kept the 
ratio of resolution to line width about constant. Because this resolution 
is comparable to the width of the spectral line, our predicted line shapes 
have been convoluted with the triangular bandpass characteristic of the 
monochromator so that this is taken into account in fitting the calculated 
curve to the experimental data. 
Detailed Description of the Model 
We now present a detailed description of the model which we have 
used to predict the shape of Doppler-broadened spectral lines emitted by 
backscattered particles. Let symbols be defined as follows. 
= atomic number of ion 
m^ - atomic mass of ion 
Z 2 - atomic number of target atom 
m^ - atomic mass of target atom 
e = electronic charge 
n = density of nuclei in target 
a = Bohr radius 
o 
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E = energy at which ion velocity equals velocity of electron in first 
Bohr orbit 
E^ = initial (primary) ion energy 
E c = energy of ion just before collision 
E g = energy of scattered ion as it returns to surface 
| = distance in solid traveled by ion to collision site 
£ = distance to surface traveled by backscattered ion away from 
collision site 
$ = angle between path of incidence and surface normal (angle of 
incidence) 
G — angle between path of incidence and path of scattering (scatter­
ing angle) 
\|i = angle between planes defined by (1) the path of incidence and the 
path of scattering and (2) the path of incidence and the surface 
normal (azimuthal angle) 
N,N' - normals to surface of solid 
v(§ ) = total number of beam ions at depth ^ 
X q = unshifted wavelength of a photon 
\ = observed wavelength of a photon (including shift) 
c = speed of light 
a = angle between the direction of velocity of the scattered particle 
and the direction to the observer M 
(_l = angle between the direction to the observer M and the direction of 
incidence 
M represents the observer (monochromator) 
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M' represents the reflection of the observer in the metal surface 
U represents the incoming beam of ions 
W represents the path of a scattered ion 
W represents the projection of W in the plane defined by the inci­
dent beam U and the normal to the surface N 
The following four figures illustrate the scattering problem and 
detection problem. Figure 8 is a three-dimensional view; Figure 9 is a 
two-dimensional view of the plane defined by the paths of incidence and 
scattering. Figure 10 is a two-dimensional view of the plane defined by 
the path of incidence and the normal to the surface (the x-z plane), and 
Figure 11 is a two-dimensional view of the x-z plane showing the direc­
tion to the monochromator M. A brief description of the scattering pro­
cess follows. 
An ion (contained in U) of initial energy is incident on the 
metal surface at 0. It penetrates the metal to a depth £ and, in doing 
so, loses energy by electronic stopping. At point C (within the metal), 
the ion has energy E^ just before collision with one of the target nuclei 
The collision is governed by the cross section c K E ^ , G ) , and the energy 
2 
of the ion after the collision is R E^, where R is given by the usual ex­
pression for elastic collisions calculated from conservation of energy 
and momentum (see Equation (12)). The ion is scattered through an angle 
0 and loses energy again to the target electrons as it travels the dis­
tance to the surface, emerging finally at B with energy E in the di-
Jo S 
rection denoted by W. Thus, for the ion in the solid, two kinds of colli 
sion phenomena are recognized: a single collision of the ion with one of 
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the target nuclei and multiple collisions of the ion with the target 
electrons. 
2 32 
According to McCracken and Freeman, and to Lindhard and Scharff, 
an ion incident upon a solid target loses energy to the target electrons 
at a rate given by 
This is known as electronic stopping. From Equation (8) we obtain the 
energy of the ion for any distance § traveled within the solid 
In particular, for an ion of initial energy E q which has penetrated to a 
depth ^ (before undergoing a collision with a target nucleus), we have 
an expression for the remaining energy (before collision) 
(10) 
Thus the cross section governing the collision will be a function of E 
c 
and of the scattering angle 8: (a(E c, 8). Furthermore, if v(^ ) is the 
total number of beam ions at depth ^ , then the number of ions dv scat­
tered into the element of solid angle du) from the depth range Z,^ to + 
d! c^ will be given by 
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where duo — sin 6 d8 dty. The negative sign indicates the decrease in beam 
flux with depth of penetration due to loss by scattering. This equation 
may be rewritten to give the probability of a scattering event within the 
depth range 5^ to ^ + d ^ into the solid angle dur. 
( i d 
In the collision the ion will have a discrete energy loss and will then 
continue to lose energy at a rate given by Equation (8) until it reaches 
the surface. 
We would like to relate E^ (the ion's initial energy), E^ (its 
energy just before collision) , E g (its energy on returning to the sur­
face) , and ^ (its path length to the collision site) together with the 
angles of incidence, scattering, and azimuth. By doing this, we can ex­
press the probability given by Equation (11) as a function of E g and u) 
(that is, the emergent particle's energy and direction): dq (E g, to). 
McCracken and Freeman calculate Equation (11) for the case of normal inci­
dence and scattering in a single plane. We have generalized their deriva­
tion to include non-normal incidence and scattering in three dimensions. 
2 
We will denote the energy remaining after the collision by R E^, 
where R is given by the usual expression for elastic collisions calculated 
from conservation of energy and momentum: 
- m
 { Cos 6 4- ( m x - yv\x s m 8 ) (12) 
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The path length from the scattering site to the surface, designated 
, can be expressed in terms of the path length _t£ the scattering site 
A) 
5 (see figures). 
and 
5 C = O A + /VC 
OA ~ B'A co-U* ^ B ' o A 
- B A cosf c o W (<?o 0 - c/>) 
- ^
 $
» * 0 * o # — & ) cos <^  <Xw <f> 
= ^ Sm & cos ^ tau*, ^ 
AC ^ Cos ( t f o 0 - e ) « - J 4 cos © 
^ c - ^ [Vw% © COS vj> t * u ^ (J> - CoS 
• . ^ L 
}
-* s i w © t A ^ t } » coj — Cos # 
= 5 c c o s * . 
Svia G Svt^  ^ cos <j* — CDS & c o s 
Using this we can find a relationship between and E g . We have from 
Equation (9) , 
(13) 
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so that 
and 
- ^ »
f c o 2 , j c ^ "^Sinfr s in^co jA - cose cos f 
Solving for £ , we get 
i z
 ( 1 5 ) 
N
 \ ^ Si*(|> tos <i/ - Cos 9- cos f J 
= 
1 * c o s e c o s * - s in e s in $ cos a J 
and ' 
= - _ ^ i e s ( 1 6 ) 
5 C
 K j g f g c o S + t 
1
 l . 1 ^ Cos© CoSf - S l M & S i n < £ CoS«p J 
We may also determine E from Equations (10) and (15). 
l U
 (17) 
0
 1 K T o c o s _ * i"j 
L Gosfr t o S ^ - S i n B S i n ^ C o S ^ I 
(continued) 
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= < COSeCoS*- Sing S\*f Coif , L 
COS ^ 
_ T • 
^ cos a cos^ - si« e $/ki<^ cos ^ J 
The cross section used in our formulation governs the interaction 
between the two nuclei. This Rutherford cross section (in Gaussian units) 
is given by 
cr (E c e)^ ^ *^e! 
I 
2_ 
(18) 
where dcu = sin 9 d8 d\jj. 
Using our expression for E c , Equation (17), we have 
cr(EC)&) =-
Cos 6 COS f - Sin & Sin <f Cos if> 1 (19) Ji2 cos <fr 
Cos & Cos ^ - Sin & Sin e^> Q>5 ^ 
Thus we are finally able to rewrite Equation (11) using the speci 
fied quantities. 
X { R - CoS cf> CosQ cos^ ? - SiVi Sin (ft COS <^  
(20) 
fjr ^ cos f i+
 Kjrs ( / S CoSd CoS^ — St i^ 9^  S in^ C05 tt, J 
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with do) = sin 9 dG dty. 
which represents the total backscattered flux for an element of solid 
angle and for an element of energy. This equation with $ and ^ equal to 
zero reduces to Equation (7) (page 662) of the paper by McCracken and 
2 
Freeman. 
Recalling the definition of K (Equation (8)), the factor independ­
ent of energy and angle in Equation (20) may be rewritten: 
I t K I t . Z , ' / < ' £ l Z 18Trne , - a 0 ( 2 1 ) 
12.8 t r a 0 
In our prediction of relative line shape this Z-dependent factor is 
normalized to a constant value (as will be explained in the next sub­
heading) . 
Because we have no information on the proportion of scattered pro­
jectiles which might be neutralized into a specific excited state, we 
assume that this proportion, F, is independent of the emergent particle's 
energy and direction. 
The final factor we must account for is the probability that an 
excited particle will escape from the influence of the surface without 
undergoing radiationless decay. For an emerging particle having a velo­
city component VjL perpendicular to the surface, this probability is~* 
(22) 
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It is simply a matter of expressing Vj_ in terms of the angular parameters. 
From the diagrams we see that the components of V are (since V is directed 
along the path length £ ) 
V x = V s i n £ o c B CoHJ> - V s i * & Coif ( 2 3 ) 
\)l- -V cos <^-ocb c V cos 6 
and we have for V i 
^ \ j Sivx 9 SiVl (f> COS ^ - \j CoS & C o s <^ 
Therefore 
A I 
or, since 
? (E*>w) ~ e ) l ?~ F"^ IzEj Si'w 6 Sinf c«sf - Cos * coi<pj (24) 
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These excited particles will eventually decay radiatively and a 
certain fraction, dependent on apparatus geometry, will be detected. Let 
us denote by the factor, F', the fraction of (surviving) excited atoms 
that will give a photon that is detected by the observer. For a given 
transition, this fraction F' is assumed independent of the speed and di­
rection of the projectiles. 
Thus, combining these various terms we have the probability dP(Es,uo) 
of detecting a photon from an emergent particle of energy E g , scattered 
into a solid angle duo, which is (referring to Equations (20) and (24)) 
The wavelength of the photon can be calculated by the Doppler-shift 
formula; since our maximum energy has been 30 keV, the non-relativistic 
form is adequate: 
where o> is the angle between the direction of velocity of the scattered 
particle and the direction to the observer M (monochromator). As we see 
in Figure 11, the point of observation is located in the plane which in­
cludes the path of incidence and the normal to the surface and is at an 
angle (j, with respect to the positive z-axis. Using the x, y, z components 
of V (Equation (23)), we can determine the component of V toward the ob­
server, which we represent as V : 
(25) 
(26) 
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Therefore 
or 
x 0 - x = v 
(27) 
In addition to these directly observed photons, it is quite pos­
sible for an excited atom to emit a photon towards the target which then 
reflects to the observer. We now determine the Doppler-shift for such a 
reflected photon. Finding the component of velocity toward the observer 
M for a reflected photon is equivalent to finding the component of velo­
city toward the reflection of the observer M' (in the metal surface) for 
a direct photon. We have the x, y, z components of V (Equation (23)); we 
need to determine their projections toward M' (see Figure 11). This 
amounts to determining the value of i^M'OC in terms of angles (f) and 
^N'OM - 1 8 0 ° - j> - y u . 
^ M 0 8 ' = f O ° - / - A / ' o / H = f0°- (<8o'-f-u,) 
= $ 4 JUL - to" 
^ * t ' o C = 180°-$ - ^ A / ' o M -LMOB'-LB'OM* 
60 
so that 
- f8o 9 -<i> -t8o°+(F> + U.-ZF-2/A. + I80' 
therefore 
V * ' * V x Sm ^ M ' O C + V Z Cos /M 'OC 
= \}%LR\Q Sm ( ( 8 0 ° - 2 ( } > - y u ) Cos 
+ V t o s e Cos (l8o'-2-<j> 
and 
=
 V FsiM e Sw ( l 8 o ' - 2 ^ -yU.) CoS ^ . 
0 c
 + cose c o s ( | 8 o ° - Z < f - / x - ) J 
(28) 
for a reflected photon. 
In order to integrate dP (E g, U)) over all applicable angles (d(i)) 
and energies (dE g), we must determine the ranges of the angles 0 and 
and of E g . By symmetry, scattering into negative is the same as scat­
tering into positive ty; therefore the range of i[i is 0 to 180°. The mini­
mum scattering angle 9 . is determined from the path of an ion which 
m m 
collides at the surface to be scattered along the surface. According to 
Figures 9 and 10 
therefore, 
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fci eM ( r t = M = B!A x = 
CoSd 
OA cosf OA Cosy, o A 
" t i n ^ - B ' o A 
Therefore 
(29) 
(30) 
The maximum recoil energy E is that which an ion would have after an 
s max 
elastic surface collision; hence 
(31) 
where R is given by Equation (12). The Minimum recoil energy E g is 
rather arbitrarily taken to be 20 eV; the rationale is that any projectile 
that has been reduced to this energy will probably be captured by the 
lattice. 
Method of Calculation 
Now that the derivation of the model has been explained, we describe 
the steps taken in making a calculation. We read the following information 
into the computer: 
(1) the atomic masses of the incident and target particles 
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(2) the primary energy of the incident ions 
(3) the angle of incidence 
(4) the angle between the direction toward the monochromator and 
the direction of incidence 
(5) a trial value of the reflectance of the surface (ratio of 
quantity of light reflected to quantity of light incident) 
(6) the value of the quantity given in Equation (21) multiplied by 
F and F 1 , which we take equal to unity. Thus our line shape 
is evaluated in relative terms only and at the end is given a 
convenient scale for comparison with the data. 
(7) a trial value of the survival coefficient A/a 
(8) the true unshifted wavelength of the line (X ) 
(9) the dispersion of the monochromator 
(10) the slit-width of the monochromator 
(11) the maximum value of a given set of data (in arbitrary units) 
(12) the number of data points being used 
(13) the value in arbitrary units of the background intensity level 
underlying the line 
(14) the data points as ordered pairs: intensity at a particular 
wavelength (arbitrary units), that wavelength as read from 
monochromator. 
First of all, correction is made for the wavelength offset of the 
monochromator. Then the numerical integration is performed according to 
the following steps. 
(1) The (positive) range of the aximuthil angle ijr (0 to 180°) 
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divided into ten-degree steps. The first value ty^ (=0) is 
chosen. 
(2) The minimum value of the scattering angle (Qm;j_n) i-s deter­
mined from ty^ and the (constant) angle of incidence ac­
cording to Equation (29). Then the range for 8, 6 m i n t o 
180°, is divided into ten-degree steps. The first value 8. 
(=9 . ) is chosen, 
min 
(3) Using 8-^ , the maximum energy of scattered particles is 
determined from 
E = R 2 E (Equation (31)) 
s max o 
where R is given by Equation (12). The minimum energy, as 
stated before, is 20 eV. The energy range 20 eV to E 
s rrici x 
is divided into 20 parts, and the first value E (=20 eV) 
S l 
is chosen. 
(4) Using the angle of incidence and primary energy, and the 
values \Jj , 9-, , and E , the relative value of dq (E , (d) is 
L L S S 
calculated using Equation (20). 
(5) Using these same angular parameters and E , the exponential 
s l 
survival probability is calculated according to Equation (24) 
This is then multiplied by the result of step (4) to give a 
quantity Q. 
(6) Using Equation (27), the fractional shift in wavelength for 
direct emission corresponding to 8-^ , and E g is calcu-
4 1 
lated, multiplied by 10 to put it in convenient form and 
rounded off to some integer I. Storage registers numbered 
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-100 through 0 through +100 are set up, and the quantity 
Q is added to register I. 
(7) Using Equation (28), the fractional shift in wavelength for 
reflected emission corresponding to , 9 , and E is calcu-
i. 1 S.. 
4 1 
lated, multiplied by 10 , and rounded off to some integer J. 
The product of Q and the trial reflectance are added to 
register J. 
(8) Steps (4) through (7) are repeated for every energy E g . 
(9) Steps (3) through (8) are repeated for every scattering 
angle 9. 
(10) Steps (2) through (9) are repeated for every azimuthal angle 
ty. In this way a histogram is built up. 
(11) Because the resolution of the monochromator is comparable 
to the width of the spectral line, the histogram is convo­
luted with the triangular bandpass characteristic of the 
monochromator so that this is taken into account in fitting 
the calculated curve to the experimental data. This is done 
by using a triangular function of altitude equal to unity 
and of base equal to twice the product of monochromator 
dispersion and slit width. The vertex of the triangle is 
aligned with a particular storage register (as established 
in step (6)) and a product is made of the two functions, 
triangle and histogram; the integral of this product becomes 
the new quantity in the (emptied) storage register. This is 
done for each storage register of the histogram. 
(12) By fitting the calculated curve to a given set of data points, 
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the values for the survival coefficient and reflectance are 
determined. Initially three values of survival coefficient 
are tested, with the original read-in value as midpoint be­
tween the other two. For each of these three values a line 
shape is predicted and a value of reflectance chosen by a 
least-squares fit to the data points. The one survival 
coefficient (out of three) which provides the best fit to 
the data points (i.e. the smallest sum of squared devia­
tions) is chosen for the midpoint of the two new trial 
values, whose separation is only half that of the initial 
trial values. For each of these three values a line shape 
is predicted and a value of reflectance chosen as before. 
The one value of these three which provides the best fit to 
the data is selected to be the midpoint of the new reduced 
(by half) interval. Thus the process continues until ten 
sets of three values have been tested. The last value se­
lected becomes our determination of survival coefficient. 
It should be noted that for each value of survival coeffi­
cient tested the triangular bandpass function of the mono­
chromator must be re-convoluted into the line shape. 
(13) Finally we have a line shape using our best-fit value of 
survival coefficient and its corresponding best-fit value 
of reflectance. The maximum value of both the calculated 
curve and the data points is normalized to unity, with the 
other values being scaled accordingly, in order to facili­
tate comparison. The ordinates of the (normalized) histogram 
66 
are printed out together with their corresponding fractional 
wavelength shifts. Also the (normalized) data points are 
printed, with abscissas converted to fractional wavelength 
shifts. It might be noted that the calculation has also 
been made for angular intervals of three degrees and for 
the energy range divided into 100 parts; no appreciable dif­
ference was noted in the line shape predicted. 
Results of Line Shape Analysis 
The outcome of this calculation is that a line shape is predicted 
which is of the same form as that observed experimentally. Moreover, with 
suitable choice of the survival coefficient A/a and surface reflectance 
one can get very good agreement with the measured line shape. In Fig­
ure 12 we show the shape of the 5876 k line induced by 30 keV H e + on Nb 
at an incidence angle 0 of 60°; this is compared with the predicted line 
shape using the surface-scattering model, and with the predicted line 
shape using the present model. The agreement with the data in the case 
of the present model is a noticeable improvement over the surface-
scattering model. We also show the predicted line shape using the pres­
ent model with A/a = 0; i.e. radiationless decay does not occur and all 
excited atoms escape and subsequently radiate. Clearly the predicted 
shape for this situation bears little resemblance to observation. We 
note that the prediction by the surface-scattering model (which does not 
include radiationless de-excitation) provides more satisfactory agreement 
with the data than does the present model excluding radiationless de-
excitation (i.e. A/a = 0 ) . This implies that most of the excited atoms 
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Figure 12. Measured and Predicted Line Shape of the 5876 A (3 D h> 2 P) 
He I Emission. (Experimental conditions: 30 KeV H e + incident 
on Nb at an angle of 60°. Intensity is shown as a function 
of relative wavelength shift, defined as the shift (AA.) from 
the 5876 A line divided by the wavelength of that line, 
5876 A ( X ) . ) 
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which finally radiate are backscattered in surface collisions with a large 
fraction of their initial energy; thus they are the atoms for which radi­
ationless de-excitation may most accurately be ignored. However, when 
bulk penetration of the target by the incident ions is included, as it is 
in the present model, the excited atoms backscattered in collisions below 
the surface are greatly reduced in energy and therefore especially subject 
to radiationless de-excitation. Thus the necessity for such a term in our 
theory. We repeat the "best-fit" curve (A/a ^ 0) by the present model in 
Figure 13, with an indication of the direct and reflected components of 
the total intensity. 
Another example of line shape is given in Figure 14, which shows 
the agreement between theory and experiment for the 6563 A (n = 3 to 
n = 2) H line induced by 25 keV H + impact on Mo at 60° incidence. We 
a 
find that for large angles of incidence (^  ^ 45°) the fit to the line 
shape is quite sensitive to the choice of survival coefficient. For 
these angles we believe that the survival coefficient can be determined 
to an accuracy of t 257Q; varying the survival coefficient by this amount 
from the "best-fit" value can shift the wavelength at which maximum in­
tensity occurs by as much as 2 A and produces clearly inferior agreement 
with the experimental data. For small incidence angles (0 < 45°) the 
fitting of calculated and measured line shapes becomes progressively less 
sensitive to the choice of survival coefficient; in addition, the reduced 
backscattered flux at these angles results in lower signal strengths; 
thus we consider that the accuracy with which A/a may be established is 
poor for incidence angles below 45°. Therefore the values of survival 
coefficient quoted here are derived for incidence angles 0 ^ 45°. 
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Figure 13. Predicted Shape of the He I 5876 \ Line Showing Direct, 
Reflected, and Total Emission Intensity. (The calculation 
has been made for 30 KeV H e + incident on Nb at an angle of 
60°. The survival coefficient A/a is taken to be 
1.12 x 10^ cm/sec, and the surface reflectance 0.22. (This 
is the solid curve of Figure 12.)) 
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Figure 14. Measured and Predicted Line Shape of the 6563 A (n = 3 to n = 2) 
H Emission. (Experimental conditions: 25 KeV H + incident on 
Mo at an angle of 60°. Circles, experimental data points; 
solid line, prediction by our model with survival coefficient 
chosen for best fit to data points (A/a = 7.2 x 10 cm/sec).) 
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In a particular case (30 keV He on Nb) we have shown that a derived value 
(for $ 45°) is consistent with the experimental data for lower angles 
of incidence. 
The survival coefficient, A/a, for the 3 D state of He as deter-
o 
mined from the 5876 A He I emission for the cases of Cu, Nb, and Mo tar-
8 8 8 
gets, was found to be, respectively, 3.0 x 10 , 1.3 x 10 , and 1.0 x 10 
cm/sec. The survival coefficients for the 4 D state of He as determined 
from the 4472 A line shape for the cases of Cu and Nb targets were, re-
8 8 
spectively, 1.6 x 10 and 0.8 x 10 cm/sec. Finally, the survival coeffi-
3 
cient for the 3 P state, derived from the 3889 A line shape in the single 
case of an Nb target, was found to be 1.5 x 10 cm/sec. In all cases 
these values are the means of several determinations at different ener­
gies and impact angles; there was no apparent systematic variation with 
energy or angle. Thus using the interpretation of A/a as a critical 
3 
normal velocity component, we see that backscattered 3 D He atoms must 
have a greater normal velocity away from an Nb surface than from an Mo 
surface in order to have the same probability of escape, and a still 
greater normal velocity away from a Cu surface. Also, for an Nb target, 
3 
backscattered He atoms in the 3 D state must have a greater normal velo-
3 3 
city component than those in the 4 D state; those in the 3 P state must 
have a still greater normal velocity. The other cases may be compared 
similarly. 
The determinations of survival coefficient for the n = 3 state of 
H, derived from analysis of the Balmer alpha line shape, yield a mean 
value of 7.8 x 10^ cm/sec for the three metals considered, Cu, Nb, and Mo. 
The observed variation among metals is less than the statistical relia-
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bility of the data. For the excited states studied, we see that an ex-, 
cited He atom recoiling from Cu, Nb, or Mo requires a greater normal 
velocity component than an excited H atom in order to have the same prob­
ability of escape. 
We have also studied the line shape of the Balmer alpha line in­
duced by H 2 impact on Mo and find it to be exactly the same as the 
corresponding situation for H + impact at the same velocity. This sug­
gests that the H^ + ion dissociates at impact on the surface, and the frag­
ments are uncorrelated in their subsequent behavior. 
In order to test the applicability of the Rutherford scattering 
cross section to our analysis, we have performed some calculations of 
line shape in which we replace the Rutherford expression with a screened-
33 
coulomb cross section as formulated by Everhart et al. This change 
tends to provide a less satisfactory fit of our predicted curve to the 
experimental data and a survival coefficient which is within 50% of our 
stated value. Figure 15 shows an example of this calculation together 
with the experimental data (as in Figure 14). 
Our explanation of the poorer fit provided by the screened-coulomb 
cross section lies in its limited applicability to metallic atoms in a 
crystalline solid. A screened-coulomb cross section properly applies to 
an isolated, neutral atom, whose unperturbed electron shells screen the 
electric field of the positively charged nucleus. In the case of a poly-
crystalline metal, the valence electrons are free to move about; thus 
static screening is supplied only by the inner electron shells, with the 
mobile valence electrons keeping the metal as a whole neutral. Thus 
screening takes place, but not of the particular kind for which a typical 
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Figure 15. Screened-Coulomb Prediction of the 6563 A H Line Shape. 
(Comparison is made with data. Experimental conditions: 
25 KeV H + incident on Mo at an angle of 60°. By this 
prediction A/a = 1.11 x 10 cm/sec.) 
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screened-coulomb cross section applies. 
For purposes of comparison we now present the values of survival 
coefficient arrived at by a number of workers (as mentioned in Chapter 
22 + 
I) . Janev et al. perform theoretical calculations for Li , Li, and 
Na impact on Mo and W; for resonance processes they derive values of A/a 
11 13 
from 3.2 x 10 cm/sec to 1.5 x 10 cm/sec. Because these are heavier 
+ + 
metallic projectiles (in contrast to H and He ) , the relevance of these 
21 
values to our work is questionable. Gersten and Tzoar derive a value 
of A/a = 6.12 x 10^ cm/sec for the case in which the energy released in 
a Lyman beta transition (for an H atom at an Al surface) excites a surface 
plasmon emission, instead of creating a photon. Because this type of de-
excitation may be in competition with other radiationless processes, the 
value of A/a determined by experiment may differ considerably from this 
value, depending on the relative strengths of the various de-excitation 
processes. Somewhat more applicable to our work are the theoretical 
20 19 3 
values of Cobas and Lamb and of Shekhter as interpreted by Hagstrum. 
For resonance processes the survival coefficient A/a predicted by Shekh­
ter"'"^  for protons at an Mo surface is 1.8 x 10"'""'" cm/sec and that pre­
dicted by Cobas and L a m b ^ for H e + at an Mo surface is 4.8 x 10"*"^  cm/sec. 
These values are three orders of magnitude higher than our measurements. 
3 20 
For Auger de-excitation of He(2 S) at an Mo surface Cobas and Lamb pre-
g 
diet A/a = 1.3 x 10 cm/ sec which is quite comparable with the measure-
20 
ments of A/a which we present here. Because Cobas and Lamb use hydro-
genic wavefunctions for He particles, their results are expected to be 
only order of magnitude determinations. 
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The values of A/a determined experimentally include 2 x 10 cm/sec 
for sputtered, excited Cu atoms at a Cu surface as established by van der 
5 13 
Weg and Bierman, and by White and Tolk ; they make no effort to ascer­
tain the dominant radiation less process. Because this determination in­
volves sputtered, rather heavy atoms, it is not particularly relevant to 
23 24 
our work. Of more relevance is the value given by Smits and Kerkdijk. 
of A/a = 1.5 x 10 cm/ sec for the n = 4 state of H, as determined from 
the Balmer beta (n = 4 to n = 2) H emission, induced by 10-40 keV protons 
incident on Cu. Again no attempt is made to ascertain the dominant radia-
tionless process. We do not present measurements for this particular 
state of H, but observe that this value is also comparable with those 
that we present. 
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CHAPTER V 
THE PREDICTION OF EXCITATION COEFFICIENTS 
Dependence of Coefficients on Angle and Energy 
The general relationship between emission and excitation coeffi­
cients, as stated in Chapter III (Equation 5 ) , is given by 
In Chapter III, we further explain that on the basis of all available 
evidence it is reasonable to assume that emission coefficients are pro­
portional to excitation coefficients. We have made measurements of emis­
sion coefficients and have determined their absolute magnitudes by cali­
brating our detection system; these values have been tabulated in Chapter 
III. In order to predict corresponding excitation coefficients, we have 
used our model of line shape: a line shape is predicted and then inte­
grated over all wavelengths to provide a relative measure of excitation 
coefficient. By repeating the integration of the predicted line shape for 
various impact energies and angles of incidence, we arrive at the func­
tional dependences of the excitation coefficient on these two parameters. 
We may then compare our experimental emission coefficients with these pre­
dicted dependences. 
Two important parameters are unknown in our model for predicting 
line shape and excitation coefficient. We have no theoretical knowledge 
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of the survival coefficient A/a; however, we have our experimentally 
obtained (best-fit) values given in Chapter IV, and we can use these for 
the prediction. Secondly, we have no information on the probability that 
a backscattered atom will be excited; this is the factor F in Equation 25. 
For the purpose of this calculation, we continue to make the assumption 
that this factor is independent of the emergent particle's energy and di­
rection; success of the predictions would tend to confirm the validity of 
the assumption. We make no assumption as to the magnitude of this factor, 
and so our predictions will indicate relative variations only; we there­
fore normalize theory to experiment to perform a comparison. 
We do again note that the measured quantity is an emission coeffi­
cient Yjk> a n d the predicted quantity is an excitation coefficient Yj '•> 
our discussion in Chapter III suggests that these two quantities are pro­
portional to each other. Thus a comparison of the measured yj^ with the 
predicted Yj I s valid. 
In Figure 16 we show a predicted angular dependence normalized to 
the experimental data for the case of 25 KeV protons incident on Nb; the 
agreement between prediction and experiment is within the statistical var­
iation of our data (± 6%) except at 60°. No explanation is given for this 
single discrepancy. Similarly, for the case of 30 KeV H e + incident on Nb, 
we show in Figure 17 a predicted angular dependence compared with experi­
mental data; in this case the emission coefficient data have not been put 
on an absolute scale and are expressed in arbitrary units; the two sets 
of relative values (theory and experiment) have been normalized together 
at one point. The predicted curve in this case shows an average absolute 
percent deviation from the data of 23%; the deviation in this case appears 
gure 16. Emission Coefficient of the H (n = 3 to n = 2) Transition 
Shown as a Function of Angle of Incidence. (Experimental 
conditions: 25 KeV protons incident on Nb. Circles, 
experimental data points; solid line, predicted dependence 
with A/a = 7.8 x lO'' cm/sec. The predicted curVe has been 
normalized to the data at 15° incidence angle.) 
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Figure 17. Emission Coefficient of the He 3 D 2 P Transition Shown 
as a Function of Angle of Incidence. (Experimental condi­
tions: 30 KeV H e + incident on Nb. Circles, experimental 
data points; solid line, predicted dependence with 
A/a = 1 . 3 x 108 cm/sec. The predicted curve and the data 
(in arbitrary units) have been normalized together at 30° 
incidence angle.) 
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to be partially of a systematic nature. We have assumed in our model that 
the probability of excited-state formation is independent of incidence 
angle; the agreement observed in Figures 16 and 17 tends to support this 
assumpt ion. 
In order to illustrate the energy dependence of excitation and 
emission coefficients we present Figures 18 and 19. Figure 18 shows the 
+ o 
case of He ions incident on Cu at an incidence angle of 45 ; data points 
below 10 KeV are taken from relative values given by Kerkdijk and Thomas"'' 
which have been normalized to our data at 10 KeV. The predicted dependence 
of excitation coefficient on impact energy shows an average absolute per­
cent deviation from our experimental values of emission coefficient of 9%. 
Figure 19 shows experimental emission coefficients for the cases of protons 
incident on Mo and on Cu at an incidence angle of 45°; the predicted de­
pendence of excitation coefficient on impact energy is shown for the case 
of protons on Mo and is normalized to the data at one point. Here the 
agreement between prediction and experiment is within the statistical 
variation of our data (± 670) except at 10 KeV energy (30%). No explana­
tion is given for this single discrepancy. For this prediction (as for 
the prediction in the case of H e + on Cu) the value of A/a used is the "mea-
+ 3 
sured value reported in Chapter IV; for He on Cu (He 3 D state) this 
g -j 
value is 3 x 10 cm /sec , and for H on Mo (H n = 3 level) 7.8 X 10 
cm /sec. 
We have made some additional predictions for both these cases, by 
varying the value of A/a; all predictions for a given case have been norm­
alized together at one point. In Figure 20, we show these predictions for 
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Figure 18„ Emission Coefficient of the He 3 D -» 2 P Transition Shown 
as +a Function of Projectile Energy. (Experimental conditions: 
He incident on Cu at an angle of 45°. Data points below 
10 KeV are from Reference 1. The solid line is the prediction 
normalized to the experimental data at 15 KeV and calculated 
using a survival coefficient, A/a, of 3.0 x 10^ cm/sec.) 
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Figure 19. Emission Coefficient of the H (n = 3 to n = 2) Transition 
Shown as a Function of Projectile Energy. (Squares are data 
points for protons incident on Mo at an angle of 45°; 
circles are data points for protons incident on Cu at an 
angle of 45°; solid line is the predicted dependence for Mo 
with A/a = 7.8 x 10? cm/sec. The predicted curve has been 
normalized to the Mo data at 20 KeV energy. Dashed lines 
indicate the general trend of the experimental data 0) 
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Primary Energy (KeV) 
Figure 20. Predicted Emission Coefficient Energy Dependence of the He 
3-*D -> 2-*P Transition Shown as a Function of Survival Coeffi­
cient. (Data points are for H e + ions incident on Cu at an 
angle of 45°; data points below 10 KeV are from Reference 1. 
The solid lines are predictions using the indicated values 
of survival coefficient, A/a. The predictions are all normal­
ized to the data at 15 KeV energy. 
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He on Cu. Clearly the value 3 X 10 cm /sec "measured" by line shape 
analysis gives also the best agreement in the matter of energy dependence. 
In Figure 21, we show several predictions for the case of protons on Mo. 
The prediction we have made using a value of A/a = 1 x 10 cm /sec lies 
within the statistical variation of the data (± 6%) except at 10 KeV 
energy (25%). Compared to our value of A/a "measured" by line shape anal­
ysis (7.8 x 10^ cm /sec ) this value is just outside the range of our 257o 
error estimate. Because the Balmer emission analyzed for these results 
includes three transitions from different upper states, with each state 
possibly exhibiting a different value of A/a, it is not surprising that 
the experimental data do not agree exactly with any of the predicted curves 
in Figure 21, nor with the curve predicted using the average "measured" 
value 7.8 x 10^ cm /sec. Nevertheless, the agreement in both cases (He^" 
on Cu and H + on Mo) of the experimental emission coefficients with the 
predicted energy dependence using the "measured" A/a values is such that 
we can draw the following conclusion: we based our model on the assump­
tion that formation of a particular excited state is independent of impact 
energy; the good-to-fair results just mentioned support this assumption; 
thus we conclude that the excitation probability for a particular excited 
state is not a strong function of projectile energy in the range 5 to 30 
34 
KeV. This is consistent with a study by Berkner et al. of the excited 
state fraction in hydrogen beams that had traversed thin metallic foils; 
they also concluded that the probability of excited-state formation varies 
very little with projectile energy. Furthermore, our additional predic­
tions of energy dependence, using various values of A/a, reveal how sensi­
tive the energy dependence is to the value of survival coefficient. Thus 
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Figure 21. Predicted Emission Coefficient Energy Dependence of the H 
(n — 3 to n = 2) Transition Shown as a Function of Survival 
Coefficient. (Data points are for protons incident on Mo 
at an angle of 45°o The solid lines are predictions using 
the indicated values of survival coefficient, A/a„ The pre­
dictions are all normalized to the data at 20 KeV energy.) 
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we have another indication of the dominant role of radiationless de-excita 
tion processes in the interaction of backscattered H and He with metal 
surfaces. Because the energy dependence is such a sensitive function of 
A/a, it provides an alternative method of measuring A/a. Rather than vary 
ing A/a to provide a best fit to a line shape, the fitting may be done to 
the energy dependence of the emission coefficient. Such a procedure has 
already been used for the study of excited sputtered particles in the work 
13 
of White and Tolk. 
efficient varies with target atomic number. The data are shown in Figures 
+ + 
22 and 23 for fixed impact energy and angle, for He and H projectiles, 
respectively. In general, the emission coefficient rises with atomic 
number although there is some irregularity in the behavior. 
dependence, again using the work of McCracken and Freeman. The probabil­
ity of backscattering with a given energy is related to the energy loss 
suffered by the projectile as it penetrates the target, as discussed in 
32 
Chapter IV; loss is calculated using the Lindhard-Scharff theory for 
electronic stopping. The backscattering probability is also related to 
a Rutherford-scattering event involving the projectile and target nuclei; 
this large-angle scattering event returns the projectile to the surface. 
2 
The work of McCracken and Freeman shows that the backscattering probabil­
ity is proportional to a function f(Z), given in our Equation (21): 
Dependence of Coefficients on Target 
A further result of our work is a measure of how the emission co-
It is possible to make a theoretical estimate of this atomic-number 
2 
(32) 
87 
2 0 
00
 
CO
 
1 1 I i - 1 J 1 
/ W -
14 
— 
12 
— 
10 
8 / M o 
6 / Nb 
4 
Cu , 
A l / — 
—
—
i 
CM
 \J / 
— 
0 
- ^ r i i i i i I 
0 10 2 0 30 4 0 50 60 70 80 
Target Atomic Number Z 
3 3 
Figure 22. Emission Coefficient of the He 3 D -> 2 P Transition Shown 
as a Function of Target Atomic Number. (Experimental 
conditions: 25 KeV H e + incident at an angle of 60°. Circles, 
experimental data points; solid line, predicted dependence. 
The predicted curve has been normalized to the data at the 
Mo data point.) 
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Figure 23. Emission Coefficient of the H (n = 3 to n = 2) Transition 
Shown as a Function of Target Atomic Number. (Experimental 
conditions: 25 KeV protons incident at an angle of 60°. 
Circles, experimental data points; solid line, predicted 
dependence. The predicted curve has been normalized to 
the data at a single point to provide a best fit.) 
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Here, is the atomic number of the incident ion, and is the atomic 
number of the target atom. In effect, the quantity dq of Equations (11) 
and (25) is proportional to the function f(Z). It follows then that a 
level-excitation coefficient should be proportional to f(Z); if we again 
make the assumption, presented in Chapter III, that excitation coefficients 
are proportional to emission coefficients, then the factor f(Z) will con­
tain the functional dependence of emission coefficient on target atomic 
number. We have plotted f(Z) in Figures (22) and (23) normalized to the 
experimental data. 
In the case of He (Figure 22) the average absolute percent deviation 
of the prediction from the data is 25%, and in the case of H (Figure 23), 
40%. Thus, within these error limits, the backscattered excited-atom flux 
has the same dependence on target atomic number as is predicted for the 
total backscattered particle flux. It follows then that the excited-state 
fraction contained in the backscattered flux is not a sensitive function 
of the target itself; that is to say, the factor F of Equation (25) is 
not greatly dependent on the target atomic number. This is consistent 
34 
with studies by Berkner et al. of the excited-atom fraction in projectile 
beams that had traversed thin metallic foils; they also show that the frac­
tion of excited atoms in the emergent projectile beam is not a sensitive 
function of the target. 
90 
CHAPTER VI 
PROPOSED BOUND ELECTRON STATES IN THE WAKE OF SWIFT 
PROTONS IN ALUMINUM AND COPPER 
Our final investigation consisted of a search for radiative 
evidences of a phenomenon predicted theoretically by Neelavathi, Ritchie, 
and Brandt. According to them, a fast charged particle moving through a 
solid is followed by a cylindrically symmetric wake of electron-density 
fluctuations, where the particle track defines the axis of the wake. 
This wake consists of a series of domains, at distinct distances behind 
the projectile, in which the electron density is alternately enhanced and 
depleted relative to the mean density in the medium. Domains of density 
enhancement create regions of negative electric potential, and domains of 
depletion create regions of positive potential. If sufficiently deep, 
these potential troughs can trap, respectively, positive or negative par­
ticles and sweep them along in wake-riding states trailing the projectile. 
In the case of a positively charged projectile traversing a metal, metal 
electrons would be trapped at definite distances behind the projectile 
with binding energies ranging from ~ 10 eV behind protons to several 
hundred eV behind highly charged heavy ions. As the positively charged 
particle left the metal, the electron-density troughs would disappear. 
Thus the energy released by the previously trapped electrons would be 
emitted radiatively, and could be detected by observing the point of exit 
from the metal of the projectile. For incident protons the projectile 
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energy required is of the order of one MeV. For a proton of one MeV 
energy, the binding energy of an electron in the first trough of the os­
cillating potential created in a medium like aluminum is ~ 7.5 eV; this 
is at a distance behind the proton of 44 A. The three successive troughs 
o o o 
occur at distances of 103 A, 161 A, and 220 A; the approximate binding 
energies of an electron for these three troughs are, respectively, 5.7 eV, 
4.3 eV, and 3.2 eV. Succeeding troughs in the electron-density fluctua­
tion will be at greater distances and will present still smaller binding 
energies. 
Thus our task was to use an optical detection system to examine 
the radiation present (if any) at the point of exit for protons having 
traversed a thin piece of aluminum. We chose aluminum foil of thickness 
35 
~ 1 ll to reduce the energy loss of the protons to ~ 5%. For primary 
proton energies we used 650 keV and 900 keV. Our results were that we 
observed no optical emissions which could arise from the above phenomenon. 
A broad band in the region 3000-4000 A was found to be the result of flu­
orescence (under reflected ion impact) of the quartz window used for ob­
servation. We also examined the point of entrance for protons incident 
on aluminum; again we found no evidence of the proposed phenomenon. In 
addition we repeated the experiment using copper foil of thickness ~ 1 |^ ; 
our results were negative in this case as well. 
Recently, at the conference on Atomic Collisions in Solids (Amster­
dam, The Netherlands, September 1975), Professor W. Brandt of New York 
University stated that the calculations of Neelavathi and Ritchie are in­
correct and there should be no oscillations behind protons that are cap-
able of trapping electrons. Also Day has come to a similar conclusion. 
92 
Thus our negative results for this test would seem to be in accord with 
the most recent theoretical treatment of the subject. 
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CHAPTER VII 
CONCLUSIONS 
From our analysis of line shape (Chapter IV) we conclude that 
excited atoms recoiling from a target have a high probability of radiation-
g 
less transition. For example, using a measured value of A/a (1.0 x 10 
cm /sec ) in Equation (4) to calculate the probability P(Vjl) that a 30 
8 3 
KeV (V = 1.2 x 10 cm /sec ) 3 D helium atom recoiling normal to a molyb­
denum surface will not undergo radiationless transition, we get p(V^) = 
exp(- 1.0/1.2) = 0.43. Thus only 4370 of these rather fast recoils escape 
without radiationless transition. For slower recoils, which are in the 
majority, the survival probability is correspondingly less. We summarize 
in Table 5 the values of survival coefficient, A/a, which we have deter­
mined by line shape analysis. 
We are now in a position to understand why the "surface-scattering" 
model of Kerkdijk and Thomas"'' gave a roughly accurate prediction of line 
shape. That earlier work assumed, arbitrarily, that only fast atoms scat­
tered elastically from the surface emerge in an excited state. We have 
shown here that particles scattered at all depths in the solid may in fact 
emerge in an excited state, but only those of highest velocity have any 
substantial probability of surviving radiationless transition; these faster 
atoms arise from scattering close to the surface. Thus the principal con­
tribution to line shape does in fact arise from the scattered flux compon­
ent considered by Kerkdijk and Thomas."'' 
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Table 5. Values of Survival Coefficient A/a Obtained 
by Line Shape Analysis 
Projectile Atomic 
State 
Formed 
Survival Coefficient A/a (cm/sec) by Target Metal 
Niobium Copper Molybdenum 
He 
He 3 D 
He 4 D 
He 3 P 
1.3 X 10 8 
0.8 x 10 8 
1.5 x 10 8 
3.0 x 10 8 
1.6 x 10 8 
1.0 x i o 8 
H + H n 7.8 x 10 
average for the three metals 
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Experimentally, we are unable to determine which of the two prev­
iously mentioned radiationless processes (resonance ionization and Auger 
de-excitation) is dominant for our conditions. With this understanding, 
our review of the values of A/a given by other researchers presents no 
3 
contradiction to our results. For Auger de-excitation of He(2 S) at an 
20 8 
Mo surface, Cobas and Lamb predict A/a = 1.3 x 10 cm /sec which is 
23 
quite comparable with our measured values. Experimentally, Smits and 
24 8 
Kerkdijk determine a value of A/a = 1.5 x 10 cm /sec for the n = 4 
state of H; this also is quite comparable with our measured values. 
With our values of A/a measured by line shape analysis, we are 
further able to predict by our simple model the functional dependence of 
the level-excitation coefficients on such parameters as projectile impact 
energy and projectile impact angle (Chapter V ) . The model also permits 
a prediction of excitation coefficient as a function of target atomic 
number. Agreement between experimental evidence and our predictions is 
very satisfactory in view of the simplicity of the model utilized. We 
have throughout assumed that the probability of a backscattered atom emerg­
ing at the surface in an excited state is independent of its direction, 
speed, and the nature of the target. This assumption seems to be reasonably 
valid, and certainly the excited-state population is a very weak function 
of these parameters. We have also shown that the dependence of emission 
coefficient on primary projectile energy is a quite sensitive function of 
survival coefficient. Our work provides measured absolute values of the 
emission coefficients and some estimates of the absolute values of the 
level-excitation coefficients. On the basis of our measured values of 
emission coefficients and our determinations of survival coefficient, we 
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estimate that less than 17o of all incident projectiles recoil as excited 
atoms. 
The major gap in our understanding of the whole problem (and in 
1 5 13 
that of earlier work ' ' ) is the lack of information on the process by 
which the excited atom is created; for this reason we are unable to assign 
absolute values to our predictions of excitation coefficients. Yavlinskii 
37 
et al. suggests that a proton is neutralized as it finally emerges from 
the target; the neutralization is supposed to take place by a process of 
three-body recombination in the surface layer of electrons. We would note 
that, on theoretical grounds, recombination in a plasma should be primar-
38 
ily to d states ; moreover, the afterglows of high-density helium plasmas 
39 3 3 3 
show atomic lines that are principally from 3 D, 4 D, and 3 P states. 
Thus the spectra observed in our work are qualitatively similar to those 
observed in the decaying-plasma situation, where a three-body recombination 
process is expected to be a primary source of excited atoms. Application 
37 
of the results of Yavlinskii et al. to our line shape model made negli­
gible difference in the predicted form of the spectral line. 
Finally, we conclude in the matter of bound electron states in the 
wake of swift protons in aluminum and copper that the proposed emitted 
radiation is either non-existent or too weak to be detected by our present 
experimental arrangement. This is in agreement with the recent theoretical 
, ,
 n 36 work of Day. 
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APPENDIX 
POLISHING PROCEDURE 
All targets were first mechanically polished with 1 alumina grit 
(kl^O^). Then those which could not be electropolished (Nb, Ag, and W) 
were further mechanically polished with 0.3 (j, alumina grit; in each case 
the lubricant used was distilled water. These finally were rinsed with 
methanol and dried with nitrogen gas. 
In order to electropolish the metals Al, Cu, and Mo, an electrolytic 
solution was prepared from 250 ml. C^H^OH (absolute ethanol), 140 ml. H^PO^ 
(8570 phosphoric acid), and 10 ml. H^O (distilled water). This mixture was 
placed in a beaker whose inner surface was lined with a thin piece of 
stainless steel (the cathode). The metal sample (the anode) was then 
placed just below the level of the solution and a potential difference 
applied between the two electrodes. The magnitude of this voltage for a 
particular metal could be roughly inferred from the literature and was 
ultimately determined by trial and error. The objective was to polish 
the metal sample rather than etch, producing a surface which was smooth as 
well as clean. For the case of Cu an additional two grams of CuO (copper 
oxide) was dissolved in the electrolytic mixture. When the electropolish-
ing was complete, the samples were removed, rinsed with methanol, and dried 
with nitrogen gas. Storage of samples for one or two days was accomplished 
in an airtight dessicator. 
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